We identified and characterized 14 novel short-tandem-repeats (STRs) on the Y chromosome and typed them in two samples, a globally diverse panel of 73 cell lines, and 148 individuals from a European-American population. These Y-STRs include eight tetranucleotide repeats (DYS449, DYS453, DYS454, DYS455, DYS456, DYS458, DYS459, and DYS464), five pentanucleotide repeats (DYS446, DYS447, DYS450, DYS452, and DYS463), and one hexanucleotide repeat (DYS448). Sequence data were obtained to designate a repeat number nomenclature. The gene diversities of an additional 22 Y-STRs, including the most commonly used in forensic databases, were directly compared in the cell line DNAs. Six of the 10 most polymorphic markers include the newly identified Y-STRs. Furthermore, these novel Y-STRs greatly improved the resolution of paternal lineages, above the level obtained with commonly used Y-STRs, in the European-American population. #
Introduction
Short-tandem-repeats (STRs) markers on the Y chromosome are valuable tools in sexual assault cases. Sex crime evidence is often made up of sample mixtures of semen from the assailant and cells from the victim. Conventional techniques can separate sperm from the female components, however, complete separation is not always achieved. In addition, sample mixtures that derive from vasectomized or azoospermic males preclude sperm-based separations. Moreover, sample mixtures that are analyzed with autosomal markers via PCR can suffer from competition between a relatively small male DNA component and a large female DNA component. Targeting male-specific polymorphisms on the non-recombining portion of the Y-chromosome (NRY) does not require the separation of sperm from female cells, and thus it improves the likelihood of obtaining malespecific DNA profiles in mixed samples. Y-STR typing will be especially useful in sample mixtures involving: (1) one or more male semen donors, (2) vasectomized or azoospermic men, and (3) the presence of other body-fluid mixtures (e.g. saliva-skin, skin-sweat) from victims and suspects of different sex [1] [2] [3] [4] . The primary limitation of Y-STRs in forensic applications is the lack of independence of these markers on the NRY, that is, the absence of recombination. Y-STRs commonly differentiate unrelated Y chromosomes (i.e. paternal Y lineages), while autosomal STRs can differentiate any two individuals with high statistical confidence. Nonetheless, Y-STRs provide a valuable addition to the forensic scientist's tool kit. As more variable Y-STRs are discovered the potential to distinguish paternal lineages increases. Approximately 35 Y-STRs have been described to date [1, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In total, these Y-STRs include: four dinucleotide (YCAI, YCAII, YCAII, and DYS288) six trinucleotide (DYF371, DYS388, DYS392, DYS425, DYS426,  DYS436), 23 tetranucleotide (DYS19, DYS385, DYS389I,  DYS389AB, DYS390, DYS391, DYS393, DYS434, DYS435,  DY437, DYS439, DYS441, DYS442, DYS443, DYS444,  DYS445, DYS460, DYS461, DYS462, G10123, A10, C4 , and H4), and two pentanucleotide repeats (DXYS156Y, and DYS438). Most of the Y-STR primer pairs amplify one PCR product, while some Y-STR primer pairs amplify two or more PCR products (YCAI, YCAII, YCAIII, DYF371, DYS385, G10123). We refer to the former Y-STRs as single-copy, and to the latter as multi-copy because they are present in more than one copy on the NRY.
With the exception of one multicenter-study using 13 YSTRs [1] , global population screens using the majority of the published Y-STRs have not been performed. One recent study [15] compared a collection of 19 Y-STRs in a large sample of individuals from the Iberian Peninsula. Much progress has been made in establishing a large database of many European populations using the following Y-STRs: DYS19, DYS385, DYS389I, DYS389II-I, DYS390, DYS391, DYS392, and DYS393. These Y-STRs define the ''minimal haplotype'', while the addition of YCAII to the these Y-STRs has been termed the ''extended haplotype'' [1, 16, 17] (Y-STR Haplotype Reference Database http://www.ystr.charite.de/ index_gr.html).
The identification of additional Y-STRs is warranted for several reasons. First and foremost, increasing the number of highly polymorphic markers will improve the ability to distinguish paternal lineages. There are shared Y-STR haplotypes in populations because either males share identity by descent or because a particular set of Y-STRs does not distinguish closely related, but different, paternal lineages. In a sample of 41 European populations the discrimination capacities were 52% (n ¼ 4688 individuals) and 71% (n ¼ 1957 individuals) using the minimal and extended sets of Y-STRs, respectively [17] . The discrimination capacity in the Iberian Peninsula study [15] was 83% using 19 Y-STRs. The sharing of paternal lineages is likely to be more common in isolated populations where there is a higher degree of genetic drift, such as Native American populations. Second, there is a need to identify more YSTRs that have longer repeats units. For example, YCAII is a polymorphic dinucleotide marker that suffers from ''stutter'' products during the PCR process due to polymerase slippage [18] . Stutter products are pronounced in dinucleotide repeats. Stutter bands are often reduced in longer repeat motif STRs, these loci can provide additional resolution in sample mixtures of multiple-male DNA profiles [19] . Third, a large pool of Y-STRs will provide a diverse sample of markers from which one can select tailored sets of STRs with distinct characteristics for multiplex design for particular applications. A small multiplex of the most informative Y-STRs could more efficiently distinguish Y-chromosome lineages than a set of a dozen or more less informative Y-STRs. Finally, increasing the number of Y-STRs will improve the estimation of the time to the most recent common ancestor (TMRCA). The TMRCA between two Y-STR haplotypes provides a natural metric to describe the relatedness between two individuals and could be used to make exclusions in forensics [20] . By including more Y-STRs, estimates of the TMRCA become more precise [21, 20] and the ability to exclude paternal relatives increases.
Here we describe variation among 14 novel Y-STRs and make comparisons with 22 previously identified Y-STRs. This is accomplished by comparing the gene diversities of these 36 Y-STRs in the same panel of 73 cell line DNAs. In addition, we demonstrate the forensic value of the new Y-STRs in a European-American population from South Dakota. Blood samples from 148 European-American (''Caucasian'') individuals were provided by Rex Riis of the State of South Dakota Forensic Laboratory. An amount of 500 ml of blood was digested with Proteinase K overnight, followed by a standard Phenol-Chloroform extraction using Eppendorf Phase-Lock Gel TM from Eppendorf Scientific, Inc. DNA was quantified using a FLx800 Microplate Fluorescence Reader from Bio-Tek Instruments Inc.
Materials and methods

DNA samples
Identification of novel Y-STRs
The human Y chromosome draft sequence in GenBank [23] was searched for novel Y-STRs using the programs Tandem Repeats Finder [24] 
Primers
Primers were designed to have similar annealing temperatures using OLIGO primer analysis software (P Rychlik and W Rychlik; v 6.1). All of the primers were submitted to the BLAST [25] facility at NCBI to examine them for uniqueness and for NRY specificity. DYS434 and DYF371 were amplified according to the conditions described above. DYS438 was amplified using a touchdown PCR profile: annealing was at 60 8C (À0.5 8C for each of eight cycles) for 30 s, followed by an annealing 27-33 221-251
a Repeat size includes adjacent variant and invariant tandem-repeat blocks and was determined by sequencing (see Table 2 ). b The sequence and the measured size differ slightly; sequenced controls were used for sizing. temperature of 56 8C for 30 cycles. DXYS156 was amplified and genotyped following published methods [9] . Four Y-STRs (DYS460, DYS461, DYS462, and G10123) were typed in the laboratory of Peter de Knijff. These four Y-STRs were amplified in uniplex reactions. The 25-ml PCR reactions included: 5 ng of DNA, 2.5 ml of GENEAMP PCR buffer from Perkin-Elmer (100 mM Tris-HCL; pH 8.3, 500 KCl; 15 mM MgCl 2 ), one unit of Taq from Applied Biosystems, 200 mM of each dNTP, and 0.13 mM of each primer. Initial denaturation at 94 8C for 2 min was followed by 5 cycles of 94 8C for 15 s, 58 8C for 15 s, 72 8C for 20 s, followed by 30 cycles of 94 8C for 15 s, 54 8C for 15 s, 72 8C for 20 s, and a final extension at 72 8C for 10 min. 
Multiplex PCR
Multiplex I includes the following five Y-STRs: DYS394 (DYS394 primer sequences are alternative primers for DYS19 primer sequences that amplify the DYS19 locus), DYS390, DYS391, DYS393, and DYS385. The 11-ml PCR reactions contained: 10 ng of DNA, 1.0 ml of 10X PCR buffer (100 mM Tris-HCl; pH 8.3, 750 mM KCl; 35 mM MgCl 2 ), 0.2 units of Taq (Qiagen or Gibco), 0.044 ng of Clonetech antibody, 0.32 ml of Clonetech Antibody Dilution Buffer (50 mM KCl, 10 mM Tris-HCl, pH 7.0, 50% glycerol), 182 mM of each dNTP, 0.34 mM DYS394 Forward (F) and Reverse (R) primer sequences, 0.06 mM of DYS390 F and R, 0.05 mM of DYS391 F and R, 0.05 mM of DYS393 F and R, and 0.06 mM of DYS385 F and R. The forward primer sequences of DYS394, DYS391, and DYS385 were 5 0 endlabeled with the fluorescent dye 6FAM, while forward primer sequences for DYS393 and DYS390 were 5 0 endlabeled with HEX. PCR cycling conditions were the same as described above in the uniplex PCR for the novel Y-STRs except that the annealing temperature was 57 8C and the extension time was 30 s.
Multiplex II includes the following seven Y-STRs: DYS19, DYS388, DYS389(I and II), DYS392, DYS426, and DYS439. DYS19 was included in multiplex II as means of insuring sample continuity between PCR reactions in multiplex I and II. The 9-ml PCR reactions contained: 10 ng of DNA, 1.0 ml of 10X PCR buffer (100 mM Tris-HCl; pH 8.3, 500 mM KCl; 35 mM MgCl 2 ), 0.25 units of Taq (Qiagen or Gibco), 0.055 ng of Clonetech antibody, 0.4 ml of Clonetech Antibody Dilution Buffer (50 mM KCl, 10 mM TrisHCl, pH 7.0, 50% glycerol), 222 mM of each dNTP, 0.44 mM DYS19 F and R, 0.08 mM DYS388 F and R, 0.22 mM DYS389 F and R, 0.10 mM of DYS392 F and R, 0.04 mM of DYS426 F and R, and 0.18 mM of DYS439 F and R. The forward primer sequences of DYS19, DYS388, and DYS426 were 5 0 end-labeled with the fluorescent dye 6FAM; the forward primer sequences for DYS392 and DYS439 were 5 0 end-labeled with NED; and the forward primer sequences for DYS389 (I and II) was 5 0 end-labeled with HEX. We used novel primer sequences for DYS439 (F was AATTAATA-GATTCAAGGTGA, and R was CCCATCATCTCTTTAC-TATT) because we re-discovered this Y-STR in our search for novel Y-STRs (see Section 3.1 further). PCR cycling conditions were the same as described above in the uniplex PCR for the novel Y-STRs except that the denaturation time was 25 s and the extension time was 30 s.
Multiplex III includes the following nine Y-STRs: DYS447, DYS448, DYS449, DYS454, DYS455, DYS457 (DYS457 primers are alternate primer sequences for the DYS437 primer sequences that amplify the DYS437 locus; DYS457 F was TGCAGCCTCAATTTCCTGGT, and R was TATAGATAGATAGATAACCACAG), DYS458, DYS459, and DYS464. The 15-ml PCR reactions contained: 10 ng of DNA, 1.0 ml of 10X PCR buffer (100 mM Tris-HCl; pH 8.3, 500 mM KCl; 20 mM MgCl 2 ), 0.5 units of Taq (Qiagen or Gibco), 0.066 ng of Clonetech antibody, 0.8 ml of Clonetech Antibody Dilution Buffer (50 mM KCl, 10 mM TrisHCl, pH 7.0, 50% glycerol), 200 mM of each dNTP, 0.20 mM DYS447 F and R, 0.20 mM DYS448 F and R, 0.20 mM DYS449 F and R, 0.20 mM of DYS454 F and R, 0.17 mM of DYS455 F and R, 0.13 mM of DYS457 F and R, 0.09 mM of DYS458 F and R, 0.13 mM of DYS459 F and R, 0.13 mM of DYS464 F and R. The forward primer sequences of DYS447, DYS448, DYS449, DYS458, and DYS459 were 5 0 end-labeled with the fluorescent dye 6FAM; the forward primer sequences for DYS454, DYS455, DYS457, and DYS464 were 5 0 end-labeled with HEX. PCR cycling conditions were the same as described above in the uniplex PCR for the novel Y-STRs.
Multiplex IV includes the following four Y-STRs: DYS446, DYS452, DYS453, and DYS456. The 15-ml PCR reactions contained: 10 ng of DNA, 1.0 ml of 10X PCR buffer (100 mM Tris-HCl; pH 8.3, 750 mM KCl; 35 mM MgCl 2 ), 0.5 units of Taq (Qiagen or Gibco), 
Analysis of PCR products
An amount of 1 ml aliquot of each PCR product was combined with 0.25 ml of GS-500 (ROX) and 8.75 ml of HiDi-formamide and electrophoresed on an 3100 Genetic Analyzer (Applied Biosystems) using a 36-cm array and filter set D. PCR products from Multiplex I and II were mixed and then injected into a single run. The data were analyzed with Genescan (v. 3.7, Applied Biosystems) and Genotyper (v. 1.1, Applied Biosystems).
DNA sequencing and nomenclature
Four samples of different ethnic origins were sequenced for each novel Y-STR. The primers for DYS464 produced multiple bands in all but three of the YCC samples, these three samples were sequenced, as well as one non-YCC sample. PCR products were purified using Qiaquick PCR Purification spin columns from Qiagen. Sequence reactions were obtained using a BigDye terminator Cycle Sequencing FS Ready Reaction kit (Applied Biosystems). The suggested repeat nomenclature of novel Y-STR alleles follows the guidelines of the DNA commission of the International Society for Forensic Genetics (ISFG) [27] , in that alleles were named according to the total number of directlyadjacent variant repeat-blocks and non-variant repeatblocks. Invariant repeat-blocks that were not directly adjacent to the variant Y-STR locus were not counted so that future alternative primer designs, aimed at producing smaller PCR fragments that exclude the additional repeat-blocks, would not change the repeat nomenclature [28] . Single repeats were counted when they were directly flanked by variant repeat-blocks in a compound Y-STR.
Statistical analyses
We computed simple diversity statistics to compare the variation of both novel and previously published Y-STRs in the YCC panel. The number of alleles was counted for each Y-STR in the set of YCC samples. Gene diversity, h, or the probability that two alleles, chosen at random, are different, was calculated following Nei [29] . Discrimination capacity was determined by dividing the number of haplotypes by the number of samples. DYS389I was subtracted from DYS389II because the latter contains the former (see http://www.medfac.leidenuniv.nl/fldo/dys389.htm) so that our analysis included two distinct sections of this compound Y-STR which we will refer to as DYS389I and DYS389II-I.
Results
Identification of Y-STRs
Seventeen candidate Y-STRs were identified, three of which were previously described: DYS393, DYS437, and DYS439. DYS439 and DYS437 were included in Multiplex II and III, respectively, using novel primers (see Section 2.4.2). Table 1 lists the remaining fourteen Y-STRs that were novel and male specific. The new Y-STRs include eight tetranucleotide repeats, five pentanucleotide repeats, and one hexanucleotide repeat. Two Y-STRs produced multiple PCR products; DYS459 primer sequences produced one or two PCR products, while DYS464 primer sequences produced 1-4 peaks (see Fig. 1 ). The number of PCR products observed at DYS459 and DYS464 is consistent with the number of physical locations along the Y chromosome per Y-STR (Fig. 2) . Fig. 4 . Histograms of the observed allele frequencies for 12 novel Y-STRs in the European-American sample. Multi-copy Y-STRs, DYS459 and DYS464, were excluded. The ascending allele numbers indicate the number of repeats as inferred by direct sequencing (see Fig. 3 ).
Nomenclature
The sequence data for the 14 Y-STRs are shown in Fig. 3 . Nine Y-STRs contained variation in a single repeat region (DYS446, DYS450, DYS453, DYS454, DYS455, DYS456, DYS458, DYS459, DYS464) and thus can be categorized as simple repeats [30] . Six of these nine Y-STRs (DYS446, DYS453, DYS454, DYS455, DYS456, DYS459) do not have any additional tandem-repeats (i.e. blocks greater than one consecutive repeat) anywhere in the amplified region. For these simple repeat Y-STRs the allele nomenclature follows directly from the number of repeats in the single variable block. The remaining three simple repeat YSTRs (DYS450, DYS458, and DYS464) contain additional repeat blocks in various positions within the amplified region (shown in bold font in the clone sequences, see Fig. 3 ), particularly DYS464 which has five blocks of repeat units (three blocks of two repeat count, and two blocks of four repeat count) dispersed throughout the amplified region. For these simple repeats we excluded the non-variant repeat blocks that were not directly adjacent to the simple repeat.
Three of the remaining Y-STRs (DYS447, DYS452, and DYS463) can be classified as compound repeats since they consist of two different repeat motifs that are directly adjacent [30] . DYS463 contained two variable regions that were directly adjacent and made up of two different repeat motifs, namely (AAAGG) n and (AAGGG) n , as well as a directly adjacent non-variable (AAGGA) 2 motif. DYS447 contained three variable (TAATA) n motifs directly interspersed with two single (TAAAA) 1 motifs, that is, (TAA-TA) n -TAAAA-(TAATA) n -TAAAA-(TAATA) n . For DYS447 we included the single (TAAAA) 1 motifs that were directly abutted between the variable regions in the tally of repeat number. The long compound structure of DYS452 is made up of three types of directly contiguous and alternating motifs: (TATAC) n , (TGTAC) n , and (CATAC) n ; all of the DYS452 motifs were included in the tally of the repeat number. Two variable regions were found in DYS452, one (TATAC) n region varied in repeat length, and another stretch of (TATAC) n -(CATAC) 2 -(TATAC) 3 varied because of a deletion. The remaining two Y-STRs, DYS448 and DYS449, were more complex in structure since they contained two variable blocks interspersed with intervening non-variable sequence. Both of these Y-STRs have additional non-variant repeat blocks between the variable regions that were not counted in the repeat length nomenclature.
Deletion or transition variants were observed in the sequence data for two of the three compound structure YSTRs, DYS452 and DYS447. In sample YCC24 at DYS452 there may have been a deletion of the (CATA) 2 motif as well as two repeats from the adjacent (TATAC) 3 motif. In sample YCC26 at DYS447 there may have been an A to T substitution in the fourth base of the second (TAAAA) 1 motif, or a complete deletion of (TAAAA) 1 , resulting in the merging of the second and third (TAATA) n motifs (Fig. 3) .
Allele frequency distributions
The observed distributions of allele frequencies for the European-Americans for 12 single-copy Y-STRs are shown in Fig. 4 . The number of alleles varied from 2 (DYS454) to 11 (DYS449). Four Y-STRs (DYS450, DYS453, DYS454, and DYS455) have high and spiked distributions for a single allele with few additional alleles. Broad and lower-lying distributions were observed at DYS446, DYS463, and DYS449. The allele frequency distributions of the multicopy Y-STRs are shown in Table 2 .
Gene diversity
The gene diversities of 36 Y-STRs in 73 male YCC samples are shown in Table 3 . Diversity values ranged from 0.1572 (G10123) to 0.9730 (DYS464 and DYS385) and the number of alleles ranged from 3 (DYS454 and DYS434) to 41 (DYS464). The multi-copy Y-STRs had the highest gene diversity values and the largest number of alleles. The gene diversity values were mostly determined by the particular properties of a given Y-STR rather than variation among different geographic groups in the YCC panel. For example, gene diversities observed at DYS464, DYS385, and DYS449 were very high among Africans, Europeans/Middle Easterners, and Asians, while gene diversities observed at DYS426, G10123, and DYS460 were low among the three continental groups. In general, there was good concordance in the rankings of the most diverse to the least diverse YSTRs between the three groups: the correlation between gene diversities in the Africans, Europeans/Middle Easterners, and Asians were high and significant (Africans-European/Middle Easterners r ¼ 0:74; Africans-Asians r ¼ 0:61; and European/Middle Easterners-Asians r ¼ 0:75; all comparisons P < 0:001). Most of the variance observed in gene diversity values among geographic groups occurs in Y-STRs Table 4 
Haplotype resolution
In order to test the value of various Y-STRs for distinguishing male lineages, haplotype analysis was carried out in the YCC panel and in the European-American sample. We began both analyses with the set of Y-STRs included in the minimal haplotype. In the YCC panel, 65 of the 73 In the European-American sample, 113 out of 148 samples (76%) were distinct using the minimal haplotype YSTRs. The shared haplotypes include: 11 pairs; 3 triplicates; 1 haplotype shared by 8 individuals; and another haplotype shared by 9 individuals. These two most frequent haplotypes are 14-(11,14)-13-16-23-11-13-13 (6.1%; DYS19-DYS385-DYS389I-DYS389(II-I)-DYS390-DYS391-DYS392-DYS393) and 14-(11,14)-13-16-24-11-13-13 (5.4%). The inclusion of DYS464 to the minimal haplotype Y-STRs resolved the vast majority (94.6%) of the shared European-American paternal lineages. Only three additional Y-STRs (DYS449, DYS458, and DYS456) were necessary to completely distinguish all of the Y chromosomes in the European-American sample.
Discussion and conclusions
The 14 novel Y-STRs discovered here appear useful in forensic casework for two reasons: (1) they provide additional power to resolve Y chromosome haplotypes, and (2) they are all tetra-, penta-and hexa-nucleotide repeats. The novel Y-STRs have more than doubled the number of known pentanucleotide markers and they include the first hexanucleotide repeat on the NRY (DYS448). These longer repeat motif STRs may be useful for improving the interpretation of sample mixtures [31, 32] . Depending on the particular STR, the stutter peak heights of dinucleotide and trinucleotide repeats can be higher than 30% of their corresponding STR allele, while stutter products of tetranucleotides are approximately 15%, and pentanucleotide repeats may have stutter products of less than 1-2% [19] . These novel Y-STRs with longer repeat motifs should be evaluated for use in mixture studies.
The YCC panel served as a resource for identifying highly informative Y-STRs. These cell lines represent a globally diverse set of DNAs and provide standard reference material for direct comparisons among known and novel Y-STRs. We have shown that Y-STRs identified on the basis of their high diversity in the YCC panel are likely to be highly informative in population samples. Interestingly, these results also suggest that different Y-STRs may vary in their gene diversity depending on the particular population sample under investigation, and perhaps the length of the alleles. While most of the variation in diversity was Y-STR dependent, there was some variation among different geographic groups in the rank order of Y-STR diversity (Tables 3 and 4) . Although we did not type 13 other published Y-STRs (DYS288, YCAI, YCAIII, DYS425, A10, C4, DYS435, DYS436, DYS441, and DYS442, DYS443, DYS444, and DYS445), this comparative analysis of 36 Y-STRs indicated that out of our 14 novel STRs, 7 were among the 10 most polymorphic single-copy Y-STRs (DYS449, DYS446, DYS463, DYS448, DYS447, DYS458, and DYS459) while one (DYS464) appeared to be the most polymorphic Y-STR yet described.
Variation in peak heights associated with DYS464 is consistent with four independent amplifications. A BLAT search indicated that this entire region is present on the long arm of the NRY in four copies, and is part of the DAZ gene region [33] . Although we assigned 41 allelic patterns based on the presence or absence of different size peaks, Fig. 2 shows that it may be possible to assign additional allelic classes on the basis of different peak heights (e.g. if peak heights can be reliably related to copy number differences). In the YCC panel, 51 haplotypes were found when peak heights were considered. More work is needed to quantify the reproducibility of the peak height variation and the additional resolving potential of this Y-STR in forensic studies. We have observed some allelic patterns (data not shown) that could be consistent with duplications (5-6 peaks; two tall peaks and two short peaks) or deletions (three peaks of equal height). Nevertheless, it is simple to assign allelic patterns to the presence or absence of peaks and to ignore peak height as we have done in all of the analyses presented here.
The addition of the novel Y-STRs to the minimal haplotype improved the ability to distinguish Y chromosomes in the European-American sample. The most common European haplotype, 14-(11,14)-13-16-24-11-13-13, is found in 3.1% of 9972 individuals in the Y-STR HRDatabase [17] . This haplotype was found at 5.4% in the European-American sample. DYS464 alone distinguished 75% of these haplotypes in the European-American sample. The remaining shared haplotypes were distinguished using only three additional Y-STRs. All but a single pair of the EuropeanAmerican haplotypes differ at three or more Y-STRs among the 26 tested. The single pair of most closely related chromosomes differed by two Y-STRs out of 26 tested. Thus, these European-American Y chromosomes are not identical by descent, as the minimal haplotype suggested. The closely related Y chromosomes in the YCC panel were more difficult to distinguish. When considering all 36 YSTRs tested there were four pairs of individuals that differed at a single Y-STR, including a pair of Surui, two pairs of Yakuts, and a pair of Biaka Pygmies. Autosomal genotyping of three of these pairs with 15 STRs [26] suggests that these males are patrilineal relatives, perhaps cousins; the pairs of haplotypes exhibited differences at both alleles of a locus for 2-5 of the 15 STRs. Moreover, when the Bayesian method of Walsh [20] was used to estimate the TMRCA between these pairs of Y chromosomes, assuming a mutation rate of 2:0 Â 10 À3 we found a TMRCA of only 11.8 generations (95%CI ¼ 1.7-39.2 generations). Future studies of Y-chromosomes from well-characterized pedigrees could test the potential to distinguish between patrilineal relatives of various degrees using highly variable Y-STRs.
